Chloroplasts illuminated at ph 6 accumulate a limited amount of "X e " -an unidentified com ponent which can phosphorylate ADP in a dark reaction at pH 8. The maximum formation of Xe requires 15 to 30 seconds' light if a cyclic cofactor is present, and otherwise as much as 4 minutes' light. Ferricyanide and cyclic cofactors provide the highest Xe yields, with other cofactors giving a lower value. The cofactorless system appears to have two components of which one is ascorbate dependent.
The isolated chloroplast has the capacity to utilize light quanta in raising the potential of electrons from the level of water to that of the TPN®/TPNH couple. Some of the light energy may also be trap ped by photophosphorylation of ADP, and stoichiometry with electron flow can be demonstrated 2. Re duction of ferricyanide or a variety of quinones3 may likewise promote PSP * but the highest rates so far known accompany the use of PYO or PMS. In these latter cases there is no net electron flow and so a direct comparison of efficiencies is not possible. Without any added cofactor, the rate of PSP is as low as 1% of the PMS rate4 depending on how the chloroplasts are washed and prepared.
We have described a method 5 for studying as se parate processes certain light and dark events of PSP. This revealed a metastable light-formed inter mediate " X e " , containing no labile phosphate but capable of esterifying ADP to ATP in a dark reac tion. Production of X e in the light at pg 8 depended on the simultaneous presence of PYO. By illuminat ing at pn 6 however, it was possible to accumulate larger amounts of X e and under these conditions some X e could be formed in the absence of the ad ded cofactor.
It is clearly of interest to study the kinetics of X e formation and decay in various cofactor environ ments in the hope of gaining some insight concern ing its relation to the electron transfer chain.
* Abbreviations used: PSP, photosynthetic phosphorylation; PYO, pyocyanine; PMS, TV-methyl phenazonium methosulfate; CMU, 3.p-chlorophenyl-l. 1-dimethyl urea; PPNR, photosynthetic pyridine nucleotide reductase; TRIS, trishydroxymethyl amino-methane. 1 Contribution no. 396 from the McCollum-Pratt Institute.
Methods
Whole washed chloroplasts were prepared from laminae of Spinacea oleracea as previously de scribed 5. These were then fragmented by suspension in TRIS chloride 20 mM, pn 8.0 containing NaCl 10 mM. Thirty minutes later the particles were col lected by centrifugation at 1000 g for ten minutes. Final suspension was in pn 6.0 buffer comprising: TRIS 2 mM, maleate 2 mM, and NaCl 45 mM. The chlorophyll was adjusted to 250 fig./ 0.8 ml. and the pn checked again to 6.0. Additives occupied a further 0.2 ml. and illumination was conducted in a 1 ml. glass syringe. In many experiments maleate was replaced by S.S'-dimethylglutarate without dif ference to the results.
The dark phosphorylation reaction mixture con tained, in //moles: TRIS chloride pn 8.0, 50; MgCl2 5; ADP 1.5 ; K H 2P 0 4 0.5, and 0.25 juC carrier-free 32P-orthophosphate, in a total volume of 0.5 ml. Co factors were all 50 ^M unless noted. The ferri cyanide was 3.0 mM.
Experiments were performed in a cold room at 3 °C. The light intensity was 8600 ft. candles after passage through a heat filter. The dark reaction was stopped after 30 seconds by injection of 0.2 ml. of 20% w/v trichloroacetic acid and ATP assayed by adsorption on to activated charcoal. Decay of X e was studied by interposing a dark period between illumination and injection into the phosphorylating reagents.
Appropriate dark controls have been subtracted from all values reported.
Results
Variation between preparations from day to day is not large and so the formation and decay rates of X e are quite predictable. There is however a marked seasonal change which takes place in March and continues until autumn, during which time the chloroplasts show the most rapid rates of PSP 6 and in our hands are relatively resistant to uncoupling treatments. Such preparations have increased rates of X e formation and decay, but little alteration of the maximum XE/chlorophyll ratio. These summer chloroplasts were used in the following experiments. Kinetic approximations for both summer and winter spinach are noted for different cofactors in Table 1 . . 015 . 005 . 025 .010 . 045 . 020 . 005 .
020
.015 At least four kinetic patterns can be recognized using the various known cofactors: (1), with PMS or PYO (rapid formation and decay rates with high equilibrium yield); (2), without cofactor (slow formation and decay rate, and low equilibrium yield); (3), with FMN, MV or PPNR and TPN (intermediate formation and decay rates with low equilibrium yield) and (4) with ferricyanide (for mation rate between PMS and FMN, decay rate as for FMN and equilibrium yield approaching that of PMS). These are considered in more detail below.
(1)
The rapid kinetics with PMS or PYO can be noted in Figure 1 . The equilibrium level of X e is reached after 30 seconds of light, and the half-time for decay in the dark is only 30 seconds (winter) or 15 seconds (summer). If illumination is pro longed, a lowering of the plateau sets in amounting to a loss of up to 15% after 8 minutes illumination. The highest yields so far obtained, (1 mole ATP/ 15 moles chlorophyll) have been with PYO cofactor. (2) In the absence of added cofactors X e forma tion is slow and linear, during the 30 seconds re quired to saturate when using PYO. Achievement of a plateau only occurs after 2 -4 minutes of light ( Fig. 1) . The yield at this point is between 40 and 60% of the PYO plateau level. Dark decay of X e without cofactors is similarly slower than for PYO, showing a half-life of 45 to 120 seconds.
It might be proposed that "cofactorless" PSP is really dependent on redox substances liberated during disruption of the chloroplasts (see "Me thods" ) . However, when broken chloroplasts were washed repeatedly in pH 8.0 Tris/NaCl, in sub sequent assays the cofactorless formation of X e was found to be affected no more than either PYO, ferri cyanide, MV or ascorbate promoted Xe formation, ( Table 2) . It would thus appear that at least part of the cofactorless electron flow is quite independent of any soluble components liberated by chloroplast breakage. In summer it was necessary to first break the plastids by homogenization in a Waring Blendor before washing. Washing the broken chloroplasts at pn 6.0 in maleate/Tris/NaCl buffer (see "Methods" ) gave quite a different pattern of inhibition involving a re latively rapid loss of the cofactorless two-step** phosphorylation. This loss is partially reversed by ascorbate after one wash, but after three washes the addition of ascorbate (with or without PPNR) can not stimulate the residual activity (Table 3) . These
No cofactor + Asc. + PYX) 2-step 1-step 2-step 1-step 2-step 1-step results may be rationalized by assuming that the co factorless PSP is not a homogenous reaction, but consists of an ascorbate-dependent component4 which is removed by washing, and an ascorbate-in dependent component which is more tightly bound to the chloroplast fragments. If this is the case, then the relative yields of X e in the cofactorless com pared to PYO-catalyzed 2-stage phosphorylation will be to some extent dictated by the ascorbate content of the chloroplasts.
FMN, MV and PPNR give equilibrium yields of X e similar to that of the cofactorless system, though both formation and decay rates are some what faster (Figures 1 and 2) . A striking feature of the PPNR catalyzed reaction is the decline in ATP ** By "one step" is meant the illumination of chloroplasts and phosphorylating reagents together. If the chloroplasts are preilluminated in absence of the ADP, phosphate and magnesium ion then injected into these reagents the ensuing phosphorylation is termed "two step".
yield if illumination is prolonged. This is not seen if TPN is also present. Reduction of the //mole added TPN takes approximately 10 minutes under the conditions of this experiment. G i o v a n e l l i and S a n P ie t r o 7 have observed a photoinactivation of PPNR catalyzed by chloro plasts. They report that cysteine afforded protection, while ADP enhanced the inactivation of PPNR. The response of PPNR -catalyzed Xe yield is the op posite, in that cysteine had no effect on the light decay whereas ADP (but not ATP) protected (Table 4) . 
Ferricyanide is a somewhat variable catalyst of X e formation. Although it occasionally behaves similarly to MV, in the freshest chloroplast prepara tions it provides a yield of X e almost as high as that found with PYO. The formation and decay rates lie somewhere between those of PYO and MV (Fi gure 1).
A v r o n and J a g e n d o r f 8 have shown that ferri cyanide dictates the rate of coupled electron flow when present in admixture with PYO. Ferricyanide also regulates the Xe formation rate under such con ditions. Thus in one experiment the k[ for a mixture was 0.05/sec., just as for ferricyanide alone, and unlike the k{ of 0.1/sec. for PYO alone. The half life of Xe in the dark was also characteristic of a ferricyanide system, at 0.015/sec., in contrast to that found with PYO alone of 0.04/sec. It can thus be observed that the presence of ferricyanide pro vides a partial stabilization of Xe • This result sup ports the previous conclusion, based on a study of the effect of varying chlorophyll concentration 5 that the decay of Xe occurs via an organized enzymatic pathway rather than through non-specific chemical reactions.
Ferricyanide will also sensitize X e formation to CMU inhibition when PYO is a cofactor (Table 5) . In this case the ferricyanide can be thought of as maintaining an endogenous electron carrier in a highly oxidized state, it then being incapable of donating an electron to chlorophyll to initiate the cyclic electron flow (cf. 9) . Indophenol dyes are known to act as uncouplers of PSP, when present in the oxidized form 8. Trichlorophenol indophenol (TCPI) or its dichloroanalog (DCPI) at 0.3 mM cause complete loss of X e whether added in the light or in the dark stage (Table 6 c ). If present in the light stage they are, of course, reduced; and X e formation is detectable once reduction is complete. Dye already reduced with ascorbate does not inhibit in either stage.
It is possible to replace water as an electron donor by DCPI reduced with ascorbate. This by-passes the oxygen evolving site, and circumvents CMU inhibi tion for the reduction of negative potential electron acceptors (TPN, indigo carmine, etc.)10: Table 6 Table 6 b. Relief from CMU-inhibition by ascorbate and dye; no cofactor. shows the time course of X e formation in a system of this sort, involving electron flow from DCPI to methyl viologen. (The presence of CMU in the dark stage as a control is made possible by the lack of effect of this inhibitor unless present in the light stage.) The same optimum yield of X e is found whether water or reduced DCPI is the electron source. In the latter case the yield is achieved sooner, but then decays in the light; possibly due to a failure of ascorbate to react rapidly enough with DCPI at pn 6.0 to maintain the dye completely re duced. The major point, however, is that the same X e yield occurs whether the electron transport path way is complete from water, or shortened by pro viding reduced DCPI as electron donor.
DCPI and ascorbate will also reverse the (par tial) CMU inhibition observed in absence of co factor (Table 6 b ) .
Discussion X E , an intermediate of PSP, revealed by the twostep reaction technique has already been shown to form ATP as the product of a dark reaction with phosphate, ADP and magnesium ion. Evidence derived from the present study of cofactors places the site of X e formation at least very close to that noted for one-step PSP at pn 8. The main indica tions are 1) inhibition with CMU using MV or ferricyanide as cofactors, but not (at appropriate con centration) with PYO. 2) Reversal of CMU-inhibited MV reduction using the ascorbate-DCPI couple to replace water splitting. 3) Inhibition of PSP by oxi dized DCPI. 4) X e formation and one-step phos phorylation rate determination by ferricyanide in admixture with PYO.
An analysis of the importance of Xe in phospho rylation should include the consideration of whether its rate of formation is compatible with the rate of one-step PSP at pn 8. The highest rate of Xe forma tion (even after correcting for the dark decay) has not so far exceeded 20% of the rate of PSP, with PYO as cofactor in both cases; although the highly washed cofactorless Xe formation rate is 80% that of one one-stage PSP. This drops to 30% after adding ascorbate back to both systems. Superficially this comparison suggest that Xe might not function in over-all phosphorylation. However, the compari son is not a particularly valid one, for the following reasons: a) Xe is known to be very alkali-labile3 yet must be assayed in a dark reaction at pn 8. The efficiency of the phosphorylating system in com peting for Xe under these conditions is unknown, but is probably less than 100 per cent. A low re covery of ATP will appear as a spuriously low for mation rate during time-course experiments, b) In one-step PSP the steady state probably favours a high level of the precursor of Xe , (X ), so per mitting optimum activation rates, c) The difference in pn from 6 to 8, or the presence of ADP and phos phate might easily affect the structure of X-per mitting its more rapid conversion to Xe .
Thus other estimation methods are needed to decide critically as to the obligate participation of X e in the ATP formation.
It is possible to divide the redox dyes and other oxidants into two major groups relative to the level of X e achieved in two-stage PSP. Group I (FMN, MV, PPNR with or without TPN, or the combina tion of reduced DCPI and MV) give an X e yield roughly equivalent to that of the cofactorless system supplemented with ascorbate. Preliminary experi ments have indicated that a number of quinones having positive potentials also belong here. The second group, containing PYO, PMS and ferri cyanide, is characterized by fast kinetics and rather higher yields. The origin of the discrepancy of yield in X e is not at all clear.
In previous work we have attempted to correct the X e level to the value which could be obtained in absence of a decay process assumed to occur during illumination. We have no evidence that such a pro cess occurs or has any relation to the observed de cay rate of X e after turning off the light. Recent cal culations based on the assumption have given un realistic values in certain cases and it is thus doubt ful if this type of correction may ever be safely ap plied using the available data.
It should be noted that the higher yield of Xe found here with PMS or PYO tends to contradict the suggestion of A r n o n and coworkers 11 that two phosphorylation sites exist in electron flow mediated by FMN, but only one in that mediated by PMS.
At present X e can be estimated only by its ability to form ATP in the dark. One therefore assumes that the natural fate of this intermediate is to be consumed in the phosphorylation of ADP. However, our data by no means rule out other sorts of func tion for the energy content of X e . Noting that the X e yield with cofactors of negative potential is roughly half that found with the cofactors of cyclic electron flow, one might infer that some of the energy is utilized in raising the potential of elec trons to that of the "negative" oxidants.
Another possibility could lie in the direct assi milation of C 02 since this is, after all, the basic function of the chloroplast. While it may be neces sary to export some ATP as "energy coinage'' to the rest of the cell, it could well be more efficient to use X e directly for C 02 fixation within the chloroplast, This investigation was supported by a grant (RG 3923) from the National Institutes of Health, and from the Kettering Foundation.
We are indebted to M a r i e F. S m i t h for skillful as sistance, and to Dr. A. S a n P i e t r o for an initial gift of PPNR.
Zur Rolle des Plastochinons bei der Photosynthese
Von A c h im T r e b s t und H e r b e r t E c k Aus dem Organisch-chemischen Institut der Technischen Hochschule München 
Geburtstag in Verehrung gewidmet
Photosynthetic reactions of petrolether-extracted chloroplasts were investigated. The photosyn thetic reduction of NADP by plastoquinone-free chloroplasts can be reactivated by addition of dimethylsubstituted p-benzoquinones with a side-chain of at least one isoprene unit. Broken chloro plasts, from which plastoquinone has been only partly extracted, are able to reduce NADP and p-benzoquinones, but not ferricyanide, o-quinones, vitamin K3 and anthraquinone-sulfonate. The interpretation of these results as two functions of plastoquinone in photosynthetic electron transport is critically discussed.
Die Hill-Reaktion besteht in der Reduktion eines zugesetzten Elektronenakzeptors unter (^-Ent wicklung bei der Belichtung isolierter Chloroplasten in vitro 1. W a r b u r g führte 1944 Chinone als Hill-Reagentien ein 2. Die physiologische HillReaktion ist wahrscheinlich die Reduktion von N A D P * ' 3-5, die über ein eisenhaltiges Protein6, das Ferredoxin ', als Coferment läuft. Nach A r n o n ist die Hill-Reaktion mit Ferricyanid oder NADP als Akzeptor mit der Bildung einer stöchiometrischen Menge ATP gekoppelt (offenkettige Photophospho rylierung) 8 . Auch die photosynthetische Reduktion von Benzochinonen ist mit der Bildung von ATP ge
